As part of the valorization of the Moroccan phosphate rock by extraction of rare earths, different experiments on natural Moroccan phosphate from the Gantour Basin (basin of phosphate in the Youssoufia area) were done in the REMATOP laboratory. e response surface methodology was used to study the effects of the influence of different parameters (acid concentration, solid/ liquid ratio, duration of the reaction, stirring speed, and temperature) on the progress of the phosphate rock's dissolution process to determine the optimal parameters for the extraction of rare earths. e analyses were made at the same time on the mineral matrix and the solutions resulting from the attack of this matrix by different concentrations of hydrochloric acid. e rare earth analyses done by the ICP-MS technique have shown an overall amount of rare earths (ΣREs) of 228.408 ppm with the existence of yttrium as the major element.
Introduction
Rare earth elements (REEs) include the 15 elements of lanthanide group from lanthanum to lutetium, coupled with chemically similar yttrium and infrequently scandium [1] .
ere are three main existing forms of rare earths in nature: independent rare earth minerals, weathered crust elutiondeposited REEs, and isomorphism substitution REEs [2] . Recently, many research studies have focused on the recovery of REEs from second resources such as phosphate rock that is associated with a trace amount of REEs [3] .
At present, Morocco has the largest phosphate reserve in the world. is wealth is estimated at more than 90 billion m 3 [4] . e deposits exist in a number of basins located in different geographical domains: Gantour (Youssoufia and Benguerir), Messkala (Chichaoua), Oued Eddahab (Boucraâ), and Ouled Abdoun (Khouribga) [5] . As a result, Moroccan phosphate is one of the most important national wealth and its exploitation could be the subject of various innovations. In addition to the traditionally known forms of exploitation (sale of raw phosphate, manufacture of phosphoric acid, and fertilizers of food supplements, etc.), other potential exploitations are currently of major interest in the research and development strategy such as the recovery of rare metals. To this effect, our REMATOP laboratory has been interested in this valorization of Moroccan phosphate rock; the main objective of this study is to determine the rare earth content in the Moroccan phosphate as well as the optimal leaching conditions for their extraction.
Various acids are used as leaching agents in recovery studies of rare earths from phosphate rock by hydrometallurgical processes such as H 2 SO 4 , HNO 3 , H 3 PO 4 , and HCL [6] . Because of the impossibility of recovering REEs from phosphate by sulfuric acid (the most economical acid and already adopted by the traditional way of decomposition of phosphate rock) [7] , we worked with HCl as a more economical leaching agent compared to HNO 3 and H 3 PO 4 . e present work is one of the first steps towards valorization and production of other substances from phosphate besides phosphoric acid (the traditional product). e potential increase in the cost of fertilizers, linked to the prices of hydrochloric acid, can be offset by the additional production of byproducts of high commercial value such as rare earths.
In addition to the nature of the acid "leaching agent", the leaching of rare earth elements from phosphate rock is influenced by many factors. For this reason, experimental design has been used to control the different factors that influence in the leaching process in order to optimize experimental conditions. e influential factors are optimized using response surface methodology and multicriteria optimization with a Doehlert design and desirability function [6] [7] [8] .
Experimental

Materials.
e experimental study is based on samples of the natural phosphate. e samples were provided by OCP group. e natural black phosphate samples chosen for this study originated from the fields of Youssoufia (Morocco). is phosphate is apatitic. e general properties of the Youssoufia phosphate and the structure of the fluorapatite, which is the most stable component in the natural state with a formula Ca 10 (PO 4 ) 6 F 2 , have been described in previous works [4] . Figure 1 deposits the local of Gantour and Oulad Abdoun sedimentary phosphate. Our study used samples from the Youssoufia deposit (Gantour Basin).
Characterization of Youssoufia Rock Phosphate: XRD, ICP/MS, FTIR, and SEM.
e sum of the analytical techniques used is subdivided into two main types:
(i) Techniques illustrating the chemical and mineralogical characteristics of our sample (the phosphate rock of Youssoufia): X-Ray diffraction (XRD), scanning electron microscopy (SEM), and Fouriertransform infrared spectroscopy (FTIR) (ii) Analysis of phosphate and the resulting solution of hydrochloric leaching by ICP/MS to determine its rare earth content
X-Ray Diffraction (XRD)
Characterization. e general characteristics of phosphate were determined using XRD mineralogical quantification. Table 1 lists the mineralogical composition of the phosphate. e main constituents of the phosphate are apatite, calcite, and organic matter ( Table 1 ). Figure 2 presents the diffraction pattern performed on powdered samples, obtained by grinding the raw phosphate samples at 25°C. e diffraction pattern of the raw phosphate samples ( Figure 2 ) shows various lines. Some can be attributed to the carbonate fluorapatite contained in the ore, and others correspond to the carbonate CaCO 3 phase and quartz.
Inductively Coupled Plasma Mass Spectrometry (ICP-MS).
e chemical composition of phosphate found by using ICP/MS is given in Table 2 and Table 3 . We note that CaO and P 2 O 5 are the most abundant compounds. e majority of the different REEs are yttrium (143 ppm), lanthanum (24.06 ppm), and neodymium (17.52 ppm). e sum of the minor elements (ΣMEs) such as Ge, Se, and Sn is 3538.1 ppm.
Infrared Spectroscopy.
e presence of apatite phases and carbonate in bright phosphate is confirmed by infrared spectroscopy techniques.
(i) e large band between 3750 and 3000 cm − 1 corresponds to the stretching mode of the absorbed water at 3515 cm − 1 and the bending mode at 3450. It is a combination of the antisymmetric stretching mode, the symmetric stretching mode, and an overtone of the bending mode [10] . (ii) e 2361 cm − 1 peak corresponds to the atmospheric CO 2 [11] . (iii) e 1645 cm − 1 peak corresponds to the third vibration mode of the adsorbed water molecule known as angular deformity [11] . (iv) e 1456 cm − 1 double peak is assigned to carbonate v 3 [12] . (v) e peaks observed at 1040 cm − 1 and 963 cm − 1 are related to the stretching mode v 3 and to the stretching mode v 1 of PO 4 3− , respectively [13] .
(vi) e 885 cm − 1 double peak is assigned to carbonate v 2 [12] . phosphate sample which has already been proved by the use of XRD ( Figure 2 ), while the group of CO 3 2− peaks proves the presence of calcite and dolomite [14] .
Scanning Electron Microscopy (SEM).
e observation by a scanning electron microscope (SEM) shows that Youssoufia phosphate rock before attack with hydrochloric acid consists essentially of irregularly shaped phosphate particles and sometimes rounded (Figures 4 and 5 ). is variety of particles along with apatite is explained by the presence of bone debris and organic debris as well as quartz grains. ese observations confirm the structure previously identified by X-ray diffraction ( Figure 5 ).
Methods
Sample Preparation.
e homogeneity of the material and its particle size is an important parameter that should be well controlled. For this, we worked with a particle size <80 μm. In the study of hydrochloric leaching, we have used homogeneous samples provided from the Youssoufia region. e objective of the leaching manipulations is to study the influence of certain parameters (acid concentration, solid/ liquid ratio, reaction time, stirring speed, and temperature) on the progress of the dissolution process of the phosphate rock in order to define the optimal parameters allowing the maximum dissolution of the rare earths.
A defined volume of hydrochloric acid (HCl, d � 1.19) was added to a preweighed amount of phosphate. e tests were made with hydrochloric acid at various concentrations varying between 13% and 23% with stirring of 100 rpm to 300 rpm, and the series of tests were conducted with a solid/ liquid ratio of 20% to 50%. e reaction temperature is 25°C to 65°C, and the duration of the reaction is 30 to 60 min (Table 4 ). At the end of the reaction, the mixture obtained was subjected to 30 min of centrifugation. en, an analysis of ICP/MS was applied on the resulting liquid factors and field of study. Table 4 presents the list of all the factors adopted by our study to influence hydrochloric leaching. To carry out the sample analyses by the ICP-MS technique, we worked with a factor dilution of twenty ( Table 5 ).
Note that during the attack of the crude phosphate with hydrochloric acid for experiments 10, 14, and 16 ( Journal of Chemistry organic matter. In order to avoid this problem, hydrochloric acid is gradually added (2 mL/min). e phosphoric acid is produced according to the following reactions [4] : 
Design of Experiments.
e response surface methodology (RSM) was used to optimize operating conditions allowing the maximum dissolution of the rare earths. is method allows one to seek optimum levels of various factors to achieve a desired response level. e five factors influencing phosphate rock dissolution (the concentration of HCl, temperature, stirring, solid/liquid ratio, and time) were coded respectively (X 1 , X 2 , X 3 , X 4 , and X 5 ), and the responses studied gave the concentration of rare earths in ppm (Y, REEs). We worked with five factors that correspond to 21 tests performed including five to calculate both the error variance and the reproducibility of the test data. A polynomial model of the first degree was used, and the model can be written as
Y: studied answer; X i : investigated factor (i varies from 1 to 5); b 0 : a constant; b i : main effect of factor i. e experimental design was developed using NEMROD software [15] .
Methodology for Research Using Optimal Design.
is design permits to represent the responses studied in all experimental domains of these two factors. e experimental design and responses are given in Table 5 . (Table 5) , we see that the soil concentration varies between 13.970 ppm and 2.020 ppm, the maximum concentration was around 13.970 ppm (test 4), and the minimum concentration was 2.020 ppm (test 13). e estimation coefficients of the postulated model (equation (2)) were determined by the leastsquares method using NEMROD software. e interpretation of the coefficients and main effects of the factors (b i ) was performed from statistical tests on the coefficients. e mathematical models were validated by verifying the correlation coefficient (R 2 ) [15] , where R 2 values are close to 1. e difference between the experimental values and the predicted values was explained by these models [16] . To calculate the proportion of the total observed variability, an adjusted determination coefficient (R 2 Adj ) is used. After validation, for the graphical illustration of the response surfaces, different models are used.
Results and Discussion
Study of the Estimates and Statistics of the Coefficients.
From Table 2 , one can see that all of the factors are involved in different interactions with (b 0 � 3.1648), (b 1 � 2.7398), (b 2 � 0.8526), (b 3 � − 0.3290), (b 4 � − 5.2174), and (b 5 � 1.5116). erefore, the REE recovery can be described by equation (4) Y
e model presents a high determination coefficient R 2 � 0.99, explaining 99% of the variability in the response. e adjusted determination coefficient is Adj.R 2 A � 0.99.
ree-Dimensional (3D) Response Surface and Isoresponse Curves for REE Recovery (Y)
. 3D response surface plots were used to visualize the relationship between the response (Y) and the experimental levels of each variable and the type of interactions between variables and to deduce the operating conditions leading to the optimal response [17] . Table 5 shows that the highest response (13.970 ppm) was achieved with the greatest levels of HCl (X 1 ) and temperature (X 2 ). e Doehlert experimental design and experimental results are given in Table 5 . In order to interpret the results, the response surfaces were represented in the domains of interest of acid concentration, solid/liquid ratio, duration of the reaction, stirring speed, and temperature using NEM-ROD software (isoresponse curves). e estimated values of coefficients for responses yield (Y) are given in Table 6 .
In addition to temperature, acid concentration, and time, our study also tested the influence of stirring and S/L ratio that were neglected in other leaching optimization work of rare earths from phosphate as the case of the study conducted by Kim et al. [18] .
Except for the time of leaching, the other reaction parameters have not been studied over continuous intervals (in general, fixing three arbitrary values to be tested for each parameter), which is one of the major gaps that we have avoided by the adoption of RSM [19, 20] . Figure 6 of the 3D response surface curves shows that the main parameters having a significant influence on the rare earth leaching process adopted are the following: acid percentage, temperature, and S/L ratio. Parameters act positively on the response (at high temperature and percentage of acid, the Y response becomes more important), while the S/L ratio acts in the opposite direction (the increase of the ratio causes the decrease of Y response). No. of experiments X 1 : HCl (%) X 2 : temperature (°C) X 3 : stirring (rpm) X 4 : S/L ratio (%) X 5 : time (min) Y: response (ppm)  1  13  25  100  20  60  3.870  2  23  25  100  20  30  8.932  3  12  65  100  20  30  4.801  4  23  65  100  20  60  13.970  5  13  25  300  20  30  3.104  6  23  25  300  20  60  11.452  7  13  65  300  20  60  7.523  8  23  65  300  20  30  10.134  9  13  25  100  50  30  2.055  10  23  25  100  50 Journal of Chemistry e optimal operating conditions allowing the maximum extraction were studied by the response surface methodology. e attained solubilization of 75% for REE was obtained by the following conditions: acidification of the ore by % HCL � 23 for 45 min at a temperature of 44°C, a solid/liquid ratio of 43%, and a stirring speed of 233 rpm.
Optimization.
To determine the optimal conditions acid concentration, solid/liquid ratio, reaction time, stirring speed, and temperature in order to define the optimal parameters allowing the maximum dissolution of the rare earths, the responses are optimized simultaneously using the desirability function included in the NEMROD software. It is based on the transformation of all responses obtained from different scales into an identical scale of desirability (individual desirability). e global desirability function D, which is taking into account both the requirements on all the responses Y i , is the geometric mean of the individual desirability d i . e desirability function varies in the interval [0, 1]; the value 1 corresponds to the maximum satisfaction (desired value) and 0 corresponds to an unacceptable response [19, 21] . e maximum of the function D gives the best global compromise for all the responses in the studied domains and corresponds to optimal experimental conditions. All the information and results of the multicriteria optimization are given in Table 7 . After calculation by the NEMROD software, the response surface corresponding to the maximum of the global desirability function D is obtained. e optimal conditions allowing the maximum dissolution of the rare earths are temperature of 44°C, time of 45 min, S/L ratio of 43%, stirring speed of 233 rpm, and acidification of the ore by % HCL � 23. At these conditions, the predicted values of the responses calculated from the model were determined. In order to validate the model, three experiments were conducted under the same optimal conditions. e difference between the experimental and the predicted values was found to be minimal which indicates the good accuracy of the tested model.
Conclusions
In summary, the use of the surface response methodology in our study for the optimization of rare earth leaching from phosphate offers an opportunity to invent a recovery process of these strategic elements. Knowing that the response surface methodology has already proved its ability to improve various industrial processes of different industries, such as the food industry and the wastewater industry [22] [23] [24] [25] , this process could be integrated in the phosphate industry in order to valorize the phosphate as a secondary resource of rare earth element; however, in order to apply it in industry, an industrial prototype is essential to prove the technical and economic feasibility of the invented process. To reach leaching levels greater than or equal to 90%, a second study must be conducted to increase acid concentration and temperature more than 23% and 44°C, respectively, and decrease S/L ratio less than 43%. While the agitation and the duration of the reaction can be fixed on the values obtained in our study because they have less influence.
Nomenclature
RE:
Rare earth REE:
Rare earth element Figure 6 : Response surface three-dimensional plots of the interaction of every two variables: (a) percentage of HCl (X 1 ) and temperature (X 2 ); (b) percentage of HCl (X 1 ) and stirring speed (X 3 ); (c) percentage of HCl (X 1 ) and S/L ratio (X 4 ); (d) percentage of HCl (X 1 ) and time (X 5 ); (e) temperature (X 2 ) and stirring speed (X 3 ); (f ) temperature (X 2 ) and S/L ratio (X 4 ); (g) temperature (X 2 ) and time (X 5 ); (h) stirring speed (X 3 ) and S/L ratio (X 4 ); (i) stirring speed (X 3 ) and time (X 5 ); (j) S/L ratio (X 4 ) and time (X 5 ).
